Introduction
The spatial distributions of the power radiated by bending magnets and insertion devices are often required for calculating the thermal load on beamline and optical components that intercept the beams. When a synchrotron x-ray beam (with characteristic photon energy in the keV range) impinges upon high-atomic-number materials, it is quite reasonable to assume that the incident beam power is deposited on the surface. As such, the incident beam power profile can be used directly in the thermal-structural computations necessary for the design of high heat load components.
For the case of higher photon energies and/or low-atomic-number materials (such as beryllium or carbon), the surface absorption model may no longer be valid. X-rays are absorbed and scattered throughout the depth of the material, and, depending on the thickness, a substantial amount of radiation may be transmitted through the material. In such cases, the in-depth absorption of the x-ray beams must be computed. The PHOTON program [1] developed at NSLS is one of the numerical codes used for these computations. This program was written for bending magnet sources, and we have completed its extension to wiggler sources [2] . It will further be extended to undulator sources in the near future.
Here, the relationships for computing the power distribution from bending magnets and insertion devices are summarized and a computer program to obtain the power distribution of the insertion devices is outlined. Readers interested in the spectral distribution of the radiation from these sources are referred to references [3] [4] [5] .
Bending Magnet Power Distribution
The radiation power generated from the passage of a charged particle beam through a dipole magnet is uniform in the plane of the orbiting particles. This plane is referred to as the horizontal plane. In the direction transverse to this plane, the bending magnet power has a nearly Gaussian profile with its peak in the horizontal plane.
Denoting the vertical angle measured from the horizontal plane by y and the angle in the horizontal plane by q (Fig. 1) , the bending magnet power distribution is given by [3] :
wither d 2 P/dqdy [in W/mrad q-mrad y-mA] is the radiated power from a bending magnet of radius ρ [m] at a vertical angle y into a one mrad 2 "solid" angle with a charged particle beam current of one mA. Although a bending magnet creates a fan of radiation horizontally, only part of that radiation is accepted by the front-end aperture and the beamline, which then restrict the acceptance in q. The factor F(gy) is given by:
with g being the relativistic mass factor given by:
where E r [GeV] is the storage ring energy, and 1/g is in radians.
By integrating Eqn.
(1) with respect to y, and noting that
one gets
where dP/dq is the vertically integrated bending magnet power in W/mrad q-mA. The total power generated by each bending magnet into the full 78.5 mrad horizontally is 6.8 kW.
Analytical Curve Fits to the Bending Magnet Power Profile
The BM power density profile in the vertical direction is given by the function F(gy) of Eqn. 2a, and this is shown in Fig. 2 . Because of its resemblance to the more easily-handled Gaussian distribution, the following function is used in curve-fitting [5] :
with s = 0.608. This standard deviation $ ensure conservation of the total power, while the peak power density is conserved by the factor of 7/16. Also note from Fig. 2 that the FWHM of the theoretical power profile (Eqn. 2a) is 1.30, and the FWHM of the Gaussian fit (Eqn. 6) is 1.43. For calculations more sensitive to the peak power density, a smaller $ may instead be used in Eqn. 6.
ID Power Distribution
The power distribution for an ID source varies both vertically and horizontally. Using the earlier notations, the power density from an ID (based on a sinusoidal positron trajectory) can be written as [6] 
where P T is the total ID power. K is the deflection parameter given by
and l u is the ID period, and B 0 is the peak magnetic field. G(K) is a normalization factor given by
The angular dependence f K (gq,gy) of the radiation from an ID is given by
where
and f K (gq,gy) is normalized such that f K (0,0) = 1.0. The total power P T in Eqn. (7) is given by
where L is the device length and I is the particle beam current.
From Eqn. (7), the peak power density for an ID is
where N is the number of undulator periods. Note that L=N l u .
Obtaining ID power involves integrating Eqn. (10) to compute f K (gq,gy), and a further integration of f K over gq and gy to obtain the total power. An interactive program named POW-ER is written and described here for these integrations.
To run this program on the APS VAX cluster, enter the command POWER. Fig. 3 shows an example for the case of APS Undulator A. Default parameters for Undulator A have been stored in the file UA.DEF; similarly, the parameters for Wiggler A are stored in WA.DEF, and those for Wiggler B in WB.DEF. These parameter files are available in the directory APSD19:[AMK.PUBLIC], and the user should copy the one that he needs to his own directory before running POWER. From your directory on VAX, type:
COPY APSDI9:[AMK.PUBLIC]filename.ext [ ]
to copy the desired parameter file to your directory. When running the program, you will be asked for the name of the parameter file. You also will be able to modify any of the parameters from the parameter file interactively. The new set of parameters will then be written to the user's directory as a new version of the same parameter file name.
The power density calculation is performed for the horizontal angle q from 0 up to gq max [gamma_theta_max] in [m_theta] number of steps, and the results will be printed out at every [mp] step. In the vertical direction, the variables [gamma_psi_max], [n_psi] , and [np] are defined similarly. The power distribution in the vertical direction is contained within an angle of y X 1/g, and so [gamma_psi_max] equal to 2-3 is appropriate for most cases. On the other hand, the horizontal power distribution depends on K, and so a [gamma_theta_max] value equal to or larger than K should be used. To compute the power density at a particular (gq,gy) within the angular limits specified, the integration over a in Eqn. 10 is performed by the program. This is accomplished by a Gaussian quadrature with [ng] points. If [ng] is too small, then the condition that f K (0,0) = 1.0 will not be satisfied, and the program will ask the user to increase the number of integration points [ng] . The number of points [ng] must be odd, and typically a minimum of 201 points should be used. At the present time, the number of angular points [m_theta] and [n_psi] and the number of integration points [ng] are all limited to a maximum of 501.
A sample output of the program is shown in Fig. 4 . For every printed angle, d 2 P/dqdy (in kW/mrad 2 ) is listed in the last column. At the end of the output, the total power calculated from numerically integrating d 2 P/dqd$ over the angular range is compared with the total power predicted from Eq. 12. Typically, agreement within a few percent is obtained. The power distribution can also be graphically displayed from inside the program using DISSPLA. Although the calculation is done in one quadrant for symmetry reasons, the power distribution can be displayed over 1, 2, or 4 quadrants. The graphic output can also be stored in a PostScript file for obtaining a hardcopy. Fig. 5 shows the results for Undulator A (in the case of 1.15 cm gap, K = 2.23), using the default parameter files UA.DEF as the input.
Analytical Curve Fit to the ID Power Profile
For some thermal/structural calculations it is much more convenient to use simple analytical forms to describe the power density distribution instead of the exact results from POWER. This is indeed necessary if an analytical solution is sought. A suggestion for approximating the power density for an ID is made here. It is seen from Fig. 5 that the ID power density profile is approximately Gaussian in the vertical direction and parabolic in the horizontal direction. Thus, it may be possible to approximate the power density profile by using the product of such functions. An appropriate functional form can be obtained by fitting a Gaussian curve P a (0,y) to the vertical power profile and a parabolic curve P a (q,0) to the horizontal power profile. These are shown in Fig. 6 for the APS Undulator A in the close gap case. Note that the curve fits are forced to match the peak power density at (q=0,y=0).
The analytic approximation P a to the power density is given by:
where (s = 0.0417 mrad is the Gaussian standard deviation, and H = 0.2 mrad is the horizontal extent of the power density profile. If Eqn. 15 is integrated over y in (-R to R) and q in (-H to H), one obtains for the total power
which is about 3% less than the theoretical value of 3.8 kW. Note that, with a slightly larger value of H, it is possible to preserve the total power as well.
The curve-fitting procedure outlined here can be used to obtain an approximate analytical relationship for any ID power profile. One should note, however, that the present Gaussianparabolic form may not be appropriate for small values of K. The usefulness of Eqn. 15 lies in the fact that it is valid for Undulator A at close gap (worst heating condition) where most thermal analyses are carried out.
Concluding Remarks
In all the power distribution discussions here, ideal magnetic devices and zero-emittance particle beams are assumed. For the APS IDs, the angular divergences in the vertical and horizontal directions are 9 and 24 mrad respectively [4] , which are small compared to the 73 mrad natural opening of the beam from the 7-GeV storage ring. The emittance only broadens the power profile slightly, and thus the zero-emittance assumption is a conservative one from a thermal point of view. However, the emittance should be taken into account in the case of an undulator with small values of K. For example, when K=0.3, the zero-emittance horizontal power profile has a standard deviation of 23 mrad for Undulator A. This is then comparable to the 24 mrad horizontal divergence of the particle beam, and therefore, the beam power profile in that direction is considerably wider than that obtained from the zero-emittance relationships outlined in this note. 
UA.DEF
Insertion Device Power Program, April 1992 *********************************************************** INPUT DATA ******************** 
12,251
INPUT DATA ******************** ****************************************************** Power distribution was calculated and stored in FOR016.dat
Graphic options for power distribution. Enter:
[0] for none [1] for displaying on the screen [2] for storing in PostScript file 
